An approach of relating Pacific herring (Clupea pallasi) tag-recovery data to dispersal distances is presented. Observations from coded wire tag sampling (1999 -2006) were used to represent adult herring interannual spawning patterns on the British Columbia coast. Six datasets were applied, differing by number of years-at-liberty (1, 2, or 3) and gear type of recapture (purse-seine or gillnet). In total, 227 tag-recovery samples, consisting of 5687 tag recoveries, were used. Distances were approximated to the shortest paths through water between the release and recapture sites. Recovery rate and distance relationships suggest that exponential models fit the data reasonably well, with average rates of change in recovery rates (slopes) varying from approximately 20.009 to 20.005. A combined slope estimate of 20.007 is similar to four of the six estimates. Using these models, the intensity of movement among five stock-assessment regions was estimated by applying distances relative to their centres. Fidelity estimates range from 53 to 90% across all models and regions, which is consistent with previous findings and premises that influence resource management. Interpretation and application of the modelling exercise are discussed in terms of previous and future work.
Introduction
Observing and modelling movement patterns of a fish population may enhance stock assessment by permittting a better understanding of its population dynamics. Dispersal among populations is important because it contributes to colonization of vacant habitat and to gene flow, and therefore may increase overall species resilience. Tag-recovery studies on spawning populations of Atlantic herring (Clupea harengus) and Pacific herring (Clupea pallasi) have shown not only relatively high rates of interannual site fidelity but also dispersal tendencies that link spatially separated populations (Hourston, 1982; Wheeler and Winters, 1984; Schwarz et al., 1993; Schweigert and Schwarz, 1993; Hay et al., 2001) . Because management decisions for Pacific herring fisheries have been based on the assumption of high spawning-site fidelity, there is merit in investigating whether high rates remain constant over time. Three tag-recovery studies on Pacific herring have been carried out in British Columbia (BC). Although they differ in experimental design, spatial resolution, and recovery methodology (Daniel et al., 1999; Flostrand et al., 2007) , all datasets are amenable to investigating spawning-site fidelity and dispersal. The first study employed internal belly tags, the second (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) external anchor tags, and the third (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) internal coded wire tags (CWTs). Here, we focus on the results from the CWT data.
The management and assessment of BC herring currently assumes that the resource is concentrated in five distinct stock-assessment regions (SARs), which collectively account for most of the spawning on the coast (Schweigert and Haist, 2007) . These include: Queen Charlotte Islands (QCI), Prince Rupert District (PRD), Central Coast (CC), Strait of Georgia (SOG), and the west coast of Vancouver Island (WCVI). Smaller spatial units, known as statistical areas, have also been established for fishery management to delineate spawning sites (Figure 1 ). Information from annual stock assessments is used to set annual catch quotas for roe-herring fisheries, which generally occur in one or two of the statistical areas within a SAR. Among SARs, the exchange of individuals and the net movement from immigration and emigration is assumed to be negligible. These assumptions are associated with the estimates of average fidelity from belly-and anchor-tag-recovery data, which range from 54 to 97% for SARs and from 6 to 91% for statistical areas (Stevenson, 1954; Hourston, 1982; Ware et al., 2000; Hay et al., 2001) .
Dispersal can be modelled either as a set of rates between discrete spatial strata or as a frequency "distribution of dispersal distances" (DDD) in a continuous space. The first approach has frequently been applied to tag-recovery data from herring and other pelagic fish (Hilborn, 1990; Schwarz and Arnason, 1990; Deriso et al., 1991; Schweigert and Schwarz, 1993; Schwarz et al., 1993; Hay et al., 2001; McGarvey and Feenstra, 2002) . However, the CWT-recovery data for Pacific herring are not particularly amenable to this type of modelling because sampling for release and recapture was patchy and irregular in terms of representing the different strata. Observations for DDD modelling do not need to be from a consistent set of locations but may come from a variety of distances over a variety of sources (Bullock and Clarke, 2000; Paradis et al., 2002; Paris et al., 2007) . Ware et al. (2000) of Pacific herring in the context of DDD by relating estimates of among-SAR dispersal rates from anchor tag data to approximate distances between release and recapture locations. Our main objective was to investigate the application of CWT-recovery data to DDD models. Tag-recovery data were grouped by gear type (purseseine or gillnet) and years-at-liberty (1, 2, or 3), and adjusted by tag-release and catch-sampling intensities to compute recovery rates representing proportions of tag releases recovered per unit of catch searched. We fitted negative exponential DDD models to the datasets and discuss their application and interpretation in terms of previous and future work.
Methods

Tag release and recovery sampling
Using products from Northwest Marine Technology Inc., herring were tagged using Mark IV Automatic Coded Wire Tag Injectors, and catch sampling for recoveries was done using three R-9500 Rectangular Tunnel Detectors. Information on sampling methods and resulting datasets is given by Flostrand et al. (2007) . In brief, tag and release sampling of sexually mature herring caught by purse-seine at or near spawning grounds was carried out from 1999 to 2004 during 2-month periods, starting in mid-February and ending in mid-April. In total, more than 1.3 million tagged fish were released throughout the coastal waters during 32 sampling events. The number of fish tagged by year and statistical area fluctuated widely, ranging from 6000 to more than 180 000 fish (Table 1) . Most herring tagged were 3 or 4 years of age, as determined through biological sampling.
Tag-recovery sampling was carried out at three fish-processing plants that received catches from purse-seine and gillnet roeherring fisheries during the years [2000] [2001] [2002] [2003] [2004] [2005] [2006] . Spatial resolution of tag recoveries was based on the statistical areas in which the catches were taken. Here, the term "fishery" is used to identify a fishing activity that took place in a given year, at a particular location, and using one gear type (either purse-seine or gillnet). Samples of catch from 28 purse-seine fisheries and 23 gillnet fisheries were searched to recover tags. Quantities of catch searched were estimated by technicians while overseeing sample collection. Estimates varied by year, area, and gear type from 40 to 3304 t, largely reflecting the size of the fishery (Table 2) .
Tag-recovery rates
Each sample of tag recoveries that could be spatially and temporally differentiated by its release and recapture sites was considered to be a unique "tag-recovery group" (TRG). We limited our analyses to include only TRGs with 1 -3 years-at-liberty and with sample sizes .0, for a total of 227 TRGs representing 5687 tag recoveries.
A tag-recovery rate (v), defined as the fraction of releases recovered per tonne of catch searched, was derived for each TRG by scaling the number of fish in the TRG (U ) by both the number of fish in the corresponding release sample (T ; Table 1 ) and the size of the catch sample that it came from (C in tonnes; Table 2 ): Table 2 . Estimates of catch (in tonnes) sampled for CWT recovery by gear, SAR, statistical area (sa), and year (for SAR codes, see Figure 1 ). 
Modelling of DDD
Distances were represented as the shortest routes through water between the approximate centres of the statistical areas of release and recapture, consistent with the methods of Ware et al. (2000) . A distance of 0 km was used to represent area fidelity, and distances representing area dispersal were derived using Nobeltec Visual Navigation Suite TM . If the spatial resolution of a release or recapture location included two statistical areas, then an approximate centre of the combined areas was used as an endpoint.
The six sets of recovery rate and dispersal distance data, as determined by years-at-liberty (1, 2, or 3) and recapture gear (purse-seine or gillnet), were analysed separately and collectively as a combined dataset (with 227 TRGs). In the context of DDD modelling, recovery rates are treated as frequencies, and plotting them against dispersal distances provides guidance on the shape of the distribution to be considered in the analysis (Paradis et al., 2002) . Because negative exponential functions fit the data reasonably well (r 2 = 0.45-0.67), tag-recovery rates were logtransformed, and linear modelling was applied to estimate the average rates of change in recovery rate associated with changes in distance (slopes) and the average recovery rates representing fidelity (intercepts). Paradis et al. (2002) note that a probability function appropriately describes a DDD because such a function sums to 1 when integrated over space. Therefore, it is possible to compute a set of proportional probabilities for a given set of distances from a DDD-density function. A DDD-modelling approach was used to estimate interannual spawning-site fidelity and dispersal among SARs ( Table 3 ) by assuming that (i) 100% of the herring on the coast spawn in the five SARs, (ii) distance is a determining factor, and (iii) a set of distances representing their degree of separation effectively represents their spatial linkages. The set of distances applied to the modelling was taken from Ware and Schweigert (2001) , who used dispersal distances ranging from 197 to 776 km, and median and average distances from SARs ranging from 202 km (QCI) to 447 km (WCVI) and 323 km (QCI) to 421 km (SOG), respectively (Table 3 ). In association with this set of distances, the model fit to the combined CWT dataset was the DDD-density function used to compute proportional probabilities related to SAR fidelity and dispersal. To assist in explaining how sets of fidelity and dispersal rates were computed, Table 3 also shows sets of the average recovery rates that are required as an intermediate step for calculating fidelity and dispersal rates from each source. Standard errors were not computed because the estimates serve mainly to illustrate model behaviour.
Results Figure 2 shows the observed and modelled log-transformed recovery rates as a function of dispersal distance by years-at-liberty and gear type. Information for the six datasets is summarized in Table 4 , and Figure 3 illustrates trends between the slope and intercept estimates. Slope estimates for purse-seine models suggest a slight increase (decrease in steepness) as years-at-liberty increase, but the differences are not significant. For gillnet models, slopes are not significantly different from the purse-seine data, except for 3 years-at-liberty, where the slope is somewhat higher than other estimates. The estimated slope for the combined model is 20.0074 (s.e. = 0.0004, p , 0.001), which closely matches four of the six individual estimates, and which diverges most from the purse-seine model estimate for 1 year-at-liberty and the gillnet model estimate for 3 years-at-liberty. Intercept estimates for purse-seine models sequentially decrease as years-at-liberty increase, whereas estimates for gillnet models are not significantly different from each other and show a maximum at 2 years-at-liberty. Between gear types and years-at-liberty, intercepts are only significantly different for 1 year-at-liberty. The estimated intercept for the combined model is 214.14 (s.e. = 0.12), which is Table 3 . Information on approximate distances between SARs, estimated average recovery rates, and estimated average rates of interannual SAR fidelity/inter-SAR dispersal (error not accounted for), based on the combined log-transformed negative exponential model (slope¼ 20.0074, intercept¼ 214; for SAR codes, see Figure 1 ). only significantly different from the purse-seine model estimates for 1 and 3 years-at-liberty. Tables 3 and 4 summarize the estimated average rates of interannual fidelity and dispersal and show the ranges in SAR fidelity (expressed in %) across all models to be 53 -75 (QCI), 60 -81 (PRD), 54 -79 (CC), and 68 -90 (both SOG and WCVI), and the estimates of SAR fidelity from the combined model to be 68 (QCI), 74 (PRD), 71 (CC), 84 (SOG), and 84 (WCVI), with an overall average of 76.
Discussion
Recovery rate vs. distance relationships indicate declining dispersal with distance from a source, which is consistent with earlier conclusions (Stevenson, 1954; Taylor, 1964; Ware et al., 2000) . The similarity between the slope estimates across different years-at-liberty is remarkable, because it suggests that fidelity is fairly stable between consecutive years when herring survive to spawn again. We favour the slope estimates from purse-seine models over those from gillnet models because they are based on better geographic representation (five more recapture locations) and on larger sample sizes with lower s.e. (Tables 2 and 4 ). The increasing trend in slope values from 1 to 3 years-at-liberty suggests that fidelity may decrease with age, but observed differences are not significant ( Figure 3 , Table 4 ). The consistency in the slope estimates is reassuring because it suggests that modelling of DDD with CWT-recovery data yields robust results. Based on the simplified spatial representation of the composition of the spawning stock of Pacific herring among the five SARs, the models collectively predict a range in interannual spawning-site fidelity of 53 -90%, entirely consistent with previous findings (Stevenson, 1954; Hourston, 1982; Ware et al., 2000; Hay et al., 2001; Ware and Schweigert, 2001 ) that have influenced the management of the resource for decades. The variability in intercept values for the different models is of some interest. Purse-seine models indicate a significant decrease in intercepts as years-at-liberty increase, whereas the gillnet models do not. We suggest that the differences are related to the size selectivity of gillnet fishing gear, which would be expected to affect the scale of the recovery rates but not necessarily the DDD trends among them.
When comparing different slopes among datasets, a steeper negative slope would signify a lower rate of dispersal and a higher rate of fidelity (all else being equal). Ware et al. (2000) Figure 2. Observed and modelled log-transformed CWT-recovery rates plotted against dispersal distances by years-at-liberty (1 -3, top to bottom) and gear type. Filled circles and open squares, observed purse-seine and gillnet tag-recovery rates, respectively; dotted lines and dashed lines, 95% confidence intervals of purse-seine and gillnet models, respectively. Table 4 . Parameter estimates for DDD modelling by gear type (purse-seine or gillnet) and years-at-liberty (1 -3): m, total number of tagged fish recovered; average, median, and range in distributions of: U, recoveries per TRG, v, tag-recovery rate, and D, distance (in km); estimated be aD relationship r 2 (p , 0.001 always) and degrees of freedom (d.f. = number of TRGs 2 2); a, slope with s.e.; ln(b), intercept with s.e.; F (%), estimated rate of interannual spawning-site fidelity by SAR (for SAR codes, see Figure 1 ). obtained a slope of20.003 from a DDD model fitted to estimates of dispersal rates derived from 1 year-at-liberty anchor tag recaptures combined over the two gear types. Estimates of fidelity rate generated using a slope of 20.003 with the current modelling steps and inter-SAR distances ranged from 40 to 51%, whereas estimates generated using a slope of 20.009 from CWT purseseine data for 1 year-at-liberty ranged from 75 to 90%. As the model reported by Ware et al. (2000) is based on just 20 data points representing 21 release samples and 310 tag recoveries, we surmise that the quality of the CWT-recovery data used here for DDD modelling offers more meaningful descriptions of dispersal parameters.
We have assumed that tagged fish mix evenly with non-tagged fish after release and that all processes other than movement affect all groups equally. Both assumptions greatly simplify modelling and are therefore commonly made in movement studies. However, evidence of non-random mixing of Pacific herring (based on observations on associations in fish schools) has been reported (Hay and McKinnell, 2002) , and other processes (e.g. survival, tag loss, tag detection) may add considerable variability to recovery rates. We have also assumed that pooling data across sampling years and sampling sources randomly distributes extraneous sources of variability across each dataset, thereby limiting bias of parameter estimates.
Deductions from observations associated with either low sampling intensity or low movement intensity will be less accurate, less precise, and more prone to underestimating dispersal (Xiao, 1996; Bullock and Clarke, 2000) . From Tables 1 and 2 , it is clear that many combinations of the release and recapture samples might lead to small TRG sample sizes and thus to underestimation of movement intensity. In fact, of the 227 TRGs, 150 were characterized by sample sizes 10, and 58 TRGs had a sample size of 1. Furthermore, we excluded observations of zero tag recoveries, and their incorporation would have affected the resulting distributions and parameter estimates. However, this requires fitting different models and is left for future work.
Setting the number of SAR spawning sites and the relative distances between them to constants has been an oversimplification. Our estimates indicate that, because the QCI, CC and PRD are each relatively nearer other SARs, compared with the SOG and WCVI, herring from these three SARs have less site fidelity (Table 3 ). In contrast, previous studies have shown no evidence that northern stocks consistently have less fidelity than southern ones (Stevenson, 1954; Hourston, 1982; Ware et al., 2000; Hay et al., 2001) . Alternative approaches to estimating fidelity and dispersal patterns could be adopted that represent a larger number of spawning locations and use different sets of distances between them, which might easily result in quite different trends in dispersal among SARs. A feature of the modelling approach is that, as more distances from each source are represented (e.g. by a decreasing spatial scale), all movement rates decrease accordingly. This feature is consistent with the trend in declining spawning-site fidelity with decreasing spatial scale reported by Hourston (1982) and Hay et al. (2001) .
During the 20th century, the spatial distribution of the spawning sites and spawning population abundance of Pacific herring varied considerably (Schweigert and Haist, 2007; Hay et al., 2007) . The metapopulation concept of McQuinn (1997) is an attempt to explain changes in Atlantic herring spawning-site fidelity and dispersal patterns as behavioural responses to environmental conditions and social interactions of schooling fish. His description emphasizes that schools of repeat spawners may adopt strays from other spawning grounds, as well as virgin fish from nearby populations. His basic assumption is that herring represent a metapopulation consisting of components that vary in the extent of mixing. For our parameter estimates, CWT-recovery data were pooled across sampling events over several years, on the premise that herring belonging to one metapopulation were collectively sampled and that resulting dispersal curves measure the overall degree of the linkages among the different components. Further tests of the predictive power of the CWT modelling could be performed by examining annual spawning patterns over the CWT-sampling years and by examining outliers shown in Figure 2 . It might be useful to fit similar models to the bellyand anchor-tagging recovery data collected earlier to compare resulting slopes. This should be relatively easy to do using either raw recovery rates or rates adjusted for catch sampling and by approximating distances to the best resolution possible. It would also be useful to fit models to tag-recovery data from individual SARs. The slope estimates obtained from dispersal-curve models may be incorporated into modelling biomass dynamics of metapopulations to characterize dispersal as well as colonization probabilities and to differentiate between emigration and natural mortality.
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